Abstract Since amyotrophic lateral sclerosis (ALS) can be accompanied by executive dysfunction, it is hypothesised that ALS patients will have impaired performance on tests of cognitive inhibition. We predicted that ALS patients would show patterns of abnormal activation in extramotor regions when performing tests requiring the inhibition of prepotent responses (the Stroop effect) and the inhibition of prior negatively primed responses (the negative priming effect) when compared to healthy controls. Functional magnetic resonance imaging was used to measure activation during a sparse sequence block design paradigm investigating the Stroop and negative priming effects in 14 ALS patients and 8 healthy age-and IQmatched controls. Behavioural measures of performance were collected. Both groups' reaction times (RTs) reflected the Stroop effect during scanning. The ALS and control groups did not differ significantly for any of the behavioural measures but did show significant differences in cerebral activation during both tasks. The ALS group showed increased activation predominantly in the left middle temporal gyrus (BA 20/21), left superior temporal gyrus (BA 22) and left anterior cingulate gyrus (BA 32). Neither group's RT data showed clear evidence of a negative priming effect. However the ALS group showed decreased activation, relative to controls, particularly in the left cingulate gyrus (BA 23/24), left precentral gyrus (BA 4/6) and left medial frontal gyrus (BA 6). Greater cerebral activation in the ALS group accompanying the performance of the Stroop effect and areas of decreased activation during the negative priming comparison suggest altered inhibitory processing in ALS, consistent with other evidence of executive dysfunction in ALS. The current findings require further exploration in a larger study.
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Introduction
Depending on the criteria used, 35-50% of people with amyotrophic lateral sclerosis (ALS) may show cognitive impairment, particularly executive dysfunction (e.g. [1] [2] [3] [4] ) with milder deficits of memory and language (e.g. [5] ). The most widely reported deficits have been on tests of verbal fluency where a formal adjustment has been made for motor or speech impairments (e.g. [6] [7] [8] [9] [10] ) as well as in other studies [11] [12] [13] . Neuroimaging studies have related verbal fluency impairment to altered patterns of cerebral activation [8, 11, [14] [15] [16] and to the reduction of white matter volume in frontotemporal association fibres [17] .
Less consideration has been given to the cerebral activation underlying cognitive function in ALS using other cognitive, extramotor paradigms [18] , particularly assessing attention. Although on the basis of a meta-analysis it was concluded that ALS patients do not show attentional impairments [2] , deficits have been reported on tests of visual attention [19] . The Stroop test, which measures focused attention and response inhibition, has yielded contradictory results [11, [20] [21] [22] [23] . In the Stroop test [24] , there is an increase in response time when naming the colour of the ink in which an incongruous colour name is displayed (e.g. when the participant has to say 'blue' in response to the word 'RED' printed in blue ink) in comparison to control conditions where the stimulus characteristics do not conflict with each other (e.g. RED printed in red ink). This is known as the Stroop effect. In a previous study [6] no difference in the Stroop effect was found when comparing the performance of 52 ALS patients and healthy controls. However, a strong trend (p = 0.051) for a between-group difference was found on a further adaptation of the Stroop test, known as negative priming (NP) [25] . In the NP task, participants are also required to name the colour of the ink in which an incongruous colour word is printed, but the colour of the ink is the same as the colour word on the previous trial, e.g. RED in blue ink is followed by GREEN in red ink. Thus the correct response on any trial is the stimulus that on the previous trial had to be ignored as a distractor. The task, therefore, requires the person to inhibit responses on a particular trial and then make the previously inhibited response on the next trial. In healthy controls, the NP task produces increased (i.e. slower) response times compared to the Stroop effect. The NP task has therefore been interpreted as making greater demands on active inhibitory cognitive processes [26] . Two theoretical models have been used to account for the NP effect, the selective inhibition account and the episodic retrieval model [27] . In our previous study [6] , the ALS group showed shorter response latencies compared to controls for the NP effect. This was interpreted as suggesting impairment of normal cognitive inhibitory processes. In this scenario, less cognitive inhibition of a stimulus on trial 'N' would make this stimulus easier to respond to on trial 'N ? 1' and would lead to a shorter response time than would a stronger level of cognitive inhibition on trial 'N'. In addition, if there is impaired cognitive inhibition (which in the Stroop task is reflected by longer response times resulting from poorer inhibition of the colour word when naming the colour ink is required), this would 'help' the ALS patients in the NP trials and lead to a reduced NP effect. Elsewhere, patients with frontal lobe damage have also been reported to show reduced NP effects [28] , which further suggests altered cognitive inhibitory processes. Other clinical groups thought to demonstrate reductions in cognitive inhibition have also shown a reduced NP effect [29, 30] .
In healthy controls, fMRI has demonstrated predominantly the involvement of the cingulate gyrus, the inferior, superior and medial frontal gyrus and the hippocampal gyrus during the Stroop test [26, 31, 32] . The inferior, superior and middle frontal gyrus, superior and middle temporal as well as inferior parietal lobe and thalamus were among the regions found to show differential activation comparing performance during the NP test and the Stroop test [26] . Since a number of functional neuroimaging studies and neuropathology investigations have shown involvement of a selection of these regions in ALS (e.g. [8, 11, 14, 33, 34] ), the present study set out to determine, in a pilot study, whether performance on Stroop and negative priming paradigms during fMRI scanning would elicit patterns of abnormal activation in extramotor regions known to be implicated more generally in cognitive impairment in ALS [4] . The study also set out to explore whether the patterns of cerebral activation in patients with ALS might elucidate the nature of inhibitory process changes seen in ALS in our previous study [6] .
Methods

Participants
Fourteen people with possible, probable or definite ALS according to the revised El-Escorial criteria [35] were recruited from the King's MND Care and Research Centre in London. None had a clinical diagnosis of dementia. Individuals with a family history of ALS were excluded, as were people with very slow/unintelligible speech (which would make measuring performance on the Stroop/negative priming test impossible) or forced vital capacity\80% as hypoventilation may impair cognitive function in ALS [36, 37] . Eight control participants were recruited from among friends/spouses of the people with ALS or from among a departmental participant pool of healthy adults. Exclusion criteria for both patients and controls included: (1) not being right-handed; (2) a history of diabetes, stroke, head injury or loss of consciousness; (3) a history of a psychiatric or psychological disorder or currently taking psychotropic medication; (d) colour-blindness. More people with ALS than controls were recruited to incorporate the likely heterogeneity in cognitive ability seen in the disorder [1] [2] [3] [4] .
Measures
Symptom severity was measured using the ALS Severity Scale [38] . This scale, used in other scanning and neuropsychology studies by our group (e.g. [6] [7] [8] [9] [10] 14] ) provides summary scores of bulbar and spinal function as well as a J Neurol (2011) 258:2186-2198 2187 total score. Bulbar and spinal scores each have a maximum of 20 with higher scores indicating less functional impairment. Premorbid general intellectual ability was assessed using the National Adult Reading Test [39] . Anxiety and depression were measured using the Hospital Anxiety and Depression Scale (HADS) [40] . For each of the anxiety and depression subscales, scores between 0-7 are considered normal, 8-10 represents a borderline state of anxiety or depression, and scores above 10 indicate ''caseness''. Depression scores with and without the item ''I feel as if I am slowed down'' [6, 8, 14] were calculated. Age and clinical measures were compared between the ALS and healthy groups with the Mann-Whitney U test, while gender was compared with Fisher's exact test.
The project received ethical approval from the Ethics Committee at the Institute of Psychiatry, King's College London. All participants gave written informed consent prior to participating in the study, which was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Neuroimaging paradigm
Control, Stroop and negative priming tasks
Three sets of stimuli were presented to participants in the MRI scanner. Two sets of stimuli consisted of words (BLUE, GREEN, RED AND YELLOW) presented in another one of those colours, as well as control stimuli, which were strings of between three and six coloured crosses, presented in the colours above. In the Stroop condition, the incongruous colour of the ink in which the word was printed was unrelated to the word presented on the previous trial. For the NP stimuli, the colour ink was the same as the colour word on the previous trial (e.g. RED written in green ink was followed by BLUE written in red ink). In all conditions the participants were instructed simply to name the colour of the ink in which the stimuli were presented. No further information was given about how the colour ink and nature of the stimulus were related.
Three sets of stimuli were compiled in order to compare the Stroop versus control conditions, NP versus control conditions and Stroop versus NP. Within each set, there were five alternating blocks of trials per condition, with 8 trials per block. For all stimulus classes, participants were presented with a fixation cross for 1,800 ms, the stimulus was presented for 100 ms, and there was then a blank period (interstimulus interval; ISI) of 2.6 s during which the response was to be made. The response time was established on the basis of prior pilot work to provide sufficient response time for the ALS patients. Since the response to NP trials depends on the previous stimulus, the first trial was discarded; consequently in the calculation of results for all conditions the first trial of each block was discarded.
For each main set of trials (Control vs. Stroop; Control vs. NP; Stroop vs. NP) two different randomised trial presentations were generated, and the use of these two orders was counterbalanced across participants, as was the order in which the different blocks was presented. Voice-activated hardware recorded the reaction time (RT) to each stimulus, using a microphone headset to detect verbal responses. A button-box activated by the investigator was used to record the response made (i.e. the colour name). This was designed to allow the collection of performance data during the scan, which had not been a feature of earlier studies [26] . The number of correct and incorrect responses in each condition and the mean RT for each condition were automatically calculated. For each of the sets of trials, two average RTs were computed. The Stroop effect was calculated as Stroop RT minus Control RT; the NP effect was the NP RT minus the Stroop RT. Calculation of the Stroop effect controls for individual differences in speed of speech production, important in ALS, and therefore represents a relatively pure index of the degree of Stroop interference experienced (i.e. the difficulty in inhibiting word reading so that the ink colour can be named). The NP effect calculation also controls for speed of speech production but, additionally, controls for the passive cognitive inhibitory processes involved in Stroop interference so that the NP effect then represents a purer measure of the more active cognitive inhibitory processes thought to be involved in the inhibition of a previously primed stimulus. As a further means of controlling for motor speech differences or more general slowing, the Stroop RTs were also expressed as a percentage of the Control RTs, and the NP RTs were similarly expressed as a percentage of the Stroop RT values.
Image acquisition
Functional MRI data were acquired on a GE Signa NV/i 1.5-T MRI scanner (General Electric, Milwaukee, WI). One hundred T2*-weighted EPI volumes depicting BOLD (blood oxygenation level dependent) contrast were acquired in each of 16 non-contiguous near-axial planes parallel to the anterior commissure-posterior commissure line (64 9 64 matrix, slice thickness = 7 mm, slice gap = 0.7 mm, 3 9 3 9 7 mm voxel size, TE = 40 ms, TR = 4,000 ms, flip angle = 90°, number of signal averages = 1). A sparse pulse sequence design was used; 1,400 ms of image acquisition was followed by 2,600 ms of quietness during which no images were acquired and the participant could speak the name of the colour aloud without any scanner noise. During the same session, a 43-slice, high-resolution inversion recovery echo planar image of the whole brain was acquired in the AC-PC plane (128 9 128 matrix, slice thickness = 3 mm, slice gap = 0.3 mm, voxel size = 1.5 9 1.5 9 3 mm, TE = 73 ms, TR = 16,000 ms, TI = 180 ms). Data acquisition from patients and controls was interleaved to ensure that a shift in scanner performance would not lead to spurious results. Echo planar imaging data quality was assessed using an automated analysis technique [41] .
T2-weighted fast spin echo images were also acquired for each participant from 60 contiguous 3-mm slices (256 9 256 matrix, slice thickness = 3 mm, slice gap = 0 mm, voxel size = 0.9 9 0.9 9 3 mm, TE = 80 ms, TR = 3,000 ms, echo train length = 8) and were reviewed by an experienced neuroradiologist to exclude any participants demonstrating abnormalities unrelated to ALS.
Image analysis
All fMRI data analysis was undertaken using locally written software, which has been extensively validated [42] [43] [44] [45] . All of the analysis up to the group stage was made blinded to the participant's identity.
Prior to time-series analysis, data were corrected for the effects of head motion in 3D as previously described [42] . The data were analysed using a general linear model in which the task design was convolved with a mixture of two one-parameter gamma variate functions (peak responses at 4 and 8 s) to account for haemodynamic delay and dispersion. The time series at each voxel was regressed on the convolved design. The parameters obtained from the regression were used to calculate a ''goodness of fit'' statistic [the ratio of the sum of squares of the model fit and the residual sum of squares (SSQ ratio)] at every voxel. The significance of the statistic was then assessed by a data-driven permutation approach [43, 44] .
Data for each individual were transformed into the standard space of Talairach and Tournoux [45, 46] . Differences in activation between groups were tested for significance using an analysis of variance (ANOVA) at each voxel in standard space [45] . The median value of the goodness of fit statistic was calculated at every voxel in standard space (medians were used to minimise outlier effects). The significance of these median values was then assessed using non-parametric, data-driven, non-permutation-based procedures [45] that were extended to the cluster level [47] in order to produce group difference images.
Results
Participant characteristics
The demographic and clinical data for the participants are presented in Table 1 . This shows that the two groups were well matched for age, gender, estimates of premorbid Full Scale IQ and mood. Although there was a trend for the ALS group to appear more depressed, once the item ''I feel as if I am slowed down'', which may reflect disease-related symptoms rather than depression, was removed from the calculation, there was no between-group difference on the HADS depression subscale. None of the participants were found to have any abnormalities on the T2-weighted structural images incompatible with a diagnosis of ALS.
Behavioural performance during the fMRI tasks Table 2 (Table 2) . Although the betweengroup difference for the Stroop effect did not reach statistical significance at p \ 0.05 using non-parametric analyses (Table 2) , given the small sample sizes the difference between the groups' Stroop effect was further considered by examining the effect size [48] for the between-group comparison. This permitted an estimation of the standardised mean difference between the two groups (i.e. the effect size). Standardised against the entire sample's RTs for the Control condition, the between-group difference for the Stroop effect reflected a large effect size of d = 0.809 [48] . This suggested that there was greater interference in responding for the ALS group, but that the lack of statistical significance was likely to be due to the small sample size in the current study. The between-group difference for the NP effect was also not significant, although the NP for the ALS group appeared somewhat shorter than for controls. The between-group difference, standardised against the standard deviation of the entire sample's Stroop RTs, reflected a small effect size (d = 0.183) so that the difference in RTs will again not have reached significance given the sample size. Although the two groups did not differ in the number of errors made during Control or Stroop trials, there was a trend for the ALS group to make more response errors during the NP trials than the healthy control group (Table 2) .
fMRI analyses
Stroop effect (Stroop minus control condition)
Brain regions differentially activated in the ALS and healthy control groups during the Stroop minus control conditions are shown in Fig. 1 , with details of the regions presented in Table 3 . All brain regions demonstrating significant betweengroup activation differences showed increased activation in the ALS group relative to controls. These regions were located almost entirely in the left hemisphere. The largest clusters were located in the left middle temporal gyrus (predominantly BA 20/21), left superior temporal gyrus (predominantly BA 22) and left anterior cingulate gyrus (predominantly BA 32). In addition, significant clusters were observed in the left fusiform and lingual gyri (both BA 18), left medial frontal gyrus (predominantly BA 9) and left inferior parietal cortex (BA 39/40). Subcortical activation differences were found in the hippocampus, caudate nucleus and insula, all on the left, as well as the cerebellum. 
Negative priming effect (NP minus Stroop condition)
Brain regions differentially activated in the ALS and healthy control groups during the NP minus Stroop conditions are shown in Fig. 2 , with details of the regions presented in Table 4 . For this comparison, all regions showing significant difference indicated reduced activation in the ALS group compared to controls; these regions were predominantly in the left hemisphere.
The largest cluster of reduced activation in the ALS group was located in the left cingulate gyrus (predominantly BA 23/24). Smaller regions of differentially lower activation in the ALS group were detected in the left precentral gyrus (BA 4/6) and left medial frontal gyrus (BA 6). Lower levels of differential activation were found in clusters involving the brainstem and the lingual and fusiform gyrus. Differences in cerebellar activation were also observed (Fig. 2) .
Discussion
Our findings demonstrate that, despite not achieving statistically significant between-group differences in behavioural measures during fMRI scanning, the ALS group showed altered patterns of brain activation in comparisons designed to elicit the Stroop effect and also the NP effect, when compared to healthy controls.
Stroop effect
Both groups' RT data indicated that they demonstrated the presence of a Stroop effect. Although the RT differences and numbers of errors made during the control and Stroop tasks failed to detect statistically significant differences between the ALS and control groups, we nonetheless found a large effect size (d = 0.809) for the Stroop effect. The direction of this difference suggested that the ALS group was more susceptible to the interference between the Fig. 2 Brain regions differentially activated in the ALS and healthy control groups during the negative priming minus Stroop conditions (negative priming effect) at p = 0.001. All regions demonstrating significant between-group activation (shown in blue) showed decreased activation in the ALS group relative to healthy controls. No areas of increased activation in the ALS group relative to controls were observed colour words and inks, but that our findings were likely to have been affected by the small sample size. The ALS group showed increased activation in regions associated with word representation (left superior temporal gyrus; BA 22) and spatial attention (left inferior parietal cortex BA 39/40). The latter differences may represent covert shifts in attention between stimuli and response requirements [26] . In addition, the large region of relatively increased activation in the anterior cingulate (BA 24/32) is not dissimilar from a cluster of relatively decreased [26] . Previous findings in healthy controls of parrahippocampal gyrus and cerebellar activation [26] during the Stroop effect mirror areas differentiating between the ALS and control groups in the current study, although between-group differences in hippocampal activation were also seen in the present study. Whether this reflects greater difficulty on the part of the ALS in remembering on a trial-by-trial basis to name the ink rather than reading the word cannot be determined from the response data, but may be one factor underlying the somewhat greater Stroop effect for the ALS group compared to controls. Cerebellar activation during the Stroop task has been reported in other patient groups (e.g. [49] ).
As with their findings [49] , the increased activation of the cerebellum during the Stroop effect comparison may reflect the maintained difficulty of the task for the ALS group such that the task failed to become automatic for them. The RT findings suggest that the ALS patients found the inhibitory task more difficult than controls, resulting in greater activation of implicated brain regions. Further substantial regions of increased cortical activation were observed in the left middle temporal gyrus (BA 20/21) and the left fusiform and lingual gyri (BA 17, 18; reported also by Steel et al. [26] ). Both the middle temporal gyrus [50] and the lingual-fusiform border [32] have been implicated in the processing of words or non-words rather than strings of consonants. Thus the areas of increased activation might suggest that the ALS patients had greater difficulty in suppressing word reading in order to name the colour inks.
Negative priming effect
Behavioural data during scanning did not unequivocally support our previous finding [6] that the ALS patients might show reduced inhibitory processing in the comparison between the NP and Stroop tests. Although there was a tendency for the ALS group to make more errors than healthy controls during the NP trials, neither group showed statistically different RTs in the comparison between the NP and Stroop conditions. However both groups did show their longest mean RTs in the NP condition, providing some validity for the paradigm. The reason for the failure to demonstrate a statistically significant NP effect (in terms of RT measures) in either group is unclear, but both groups' RTs showed considerable variability in the extent of their NP effect (Table 2 ). Our sample was older than those reported in other imaging studies of NP [26, 30] , and varying findings have been reported concerning whether increasing age reduces the magnitude of the NP effect [51] . In addition the need for a long response time, the periodic block scanning design and the resulting short blocks of NP trials may have provided insufficient opportunity for the NP trials to have become sufficiently differentiated from the Stroop trials in terms of their processing demands. Nonetheless, our imaging findings suggest differential patterns of stimulus processing by the two groups within the NP effect scanning comparison. However, our following interpretation of these findings can only be speculative at this stage, given our small sample size. In healthy controls, greater activation of specific brain regions during NP trials relative to Stroop trials has been reported [26] , indicating the additional cognitive load imposed by responding to a previously cognitively inhibited stimulus. In the current study, relatively large clusters reflecting reduced cerebral activation in the ALS group compared to controls were found in two areas previously associated with performance on this task: the left precentral gyrus (BA 4/6) and left medial frontal gyrus (BA 6). It has been suggested [26] that the precentral gyrus may contribute to the processes of articulation of the target colour at a specific trial; reduced activation in this region in the ALS group might reflect higher levels of residual activation of this target as a result of poorer suppression of the same word when it appeared as a distractor in the previous trial. The medial frontal cortex is likely to contribute to the working memory or executive demands of the task (e.g. internal representations of previous stimuli, self monitoring of responses and the inhibition of unwanted responses). The relatively reduced activation in this region in the ALS group may reflect less effective cognitive inhibition of the colour name in previous trials and therefore a reduced demand for executive processes on current trials. Relatively reduced cerebral activation in the left anterior and posterior cingulate gyrus (BA 23/24) in the ALS group was not consistent with findings in studies of NP in healthy controls [26] where no differential activation of these areas was reported. However, the reduced activation of these regions in the ALS patients suggests that the cognitive response inhibition and attentional demands of this test may be processed differently by the ALS and control participants. It also suggests that reactivation of the previously suppressed stimulus is less difficult for the ALS group, due to previously less efficient response inhibition processes. While clear involvement of medial temporal regions in the NP effect has been reported [26] , this was not a substantial region showing differential activation between the ALS and control groups, suggesting that the ALS group did not differ substantially from controls in their processing of the episodic retrieval component of the NP task. Overall, the finding of relatively lower activation in the ALS group in the prefrontal regions associated with the working memory and articulatory elements of NP performance suggests that reactivation of the previously suppressed stimulus was less difficult for the ALS group. The finding of bilateral cerebellar activation, here found to be reduced in the ALS group, was not consistent with earlier studies in controls [26] . The finding of predominantly left-sided differences between the Control and ALS groups' pattern of activation would support findings of left frontal lobe involvement in the active inhibitory processes that contribute to NP [52] .
Limitations of the present study Although a strength of the present study was the collection of online behavioural measures, the sample sizes for our groups restricted the power available to detect betweengroup differences on our behavioural measures. Power was further reduced by the failure to record behavioural measures for two ALS participants. Our study is therefore very much a pilot that needs future replication in a larger cohort. Despite the collection of measures of premorbid IQ and mood, further clarification of the extent of cognitive impairment in the ALS group from neuropsychological assessment was not available. The identification of more generalised executive dysfunction and its relationship to imaging findings in the present samples would have been informative, especially in light of the heterogeneity of cognitive involvement in ALS [3, 53] . In addition, our scanning study design required the exclusion of ALS patients with very marked speech impairments (i.e. more severe bulbar impairment), and since this may have excluded patients with more pronounced cognitive impairment [6] , this may have influenced our findings.
Within our imaging paradigm, the sparse sequence design and the need to accommodate for patients' dysarthria resulted in longer ISIs (verbal response time) than have been used in other studies (e.g. 2,600 ms used here as compared to 1,900 ms elsewhere [26] ). Although this will not have influenced between-condition comparisons, this does limit comparability with other studies of Stroop and NP effects, and may explain some of the observed differences in regional activation between this and other studies. In particular, it has been suggested that longer ISIs in the Stroop task lead to more 'routine' performance of the task, and it has been argued that attentional demands are reduced under such conditions, leading to reduced prefrontal activation [54] . In addition different cortical circuits may be activated at different stages of the Stroop response, with frontocentral regions being implicated earlier in the process than temporo-parietal regions [55] , and our design may have led to less frontal activation being detected. Future studies might also usefully consider the relationship between alterations in cortical inhibitory processes in ALS (e.g. [56, 57] ) and performance on measures of cognitive inhibition.
These limitations notwithstanding, our findings demonstrate the presence of greater cerebral activation in the ALS group in the Stroop effect, reflecting apparently greater difficulty in achieving response suppression. Findings of areas of relatively lower cerebral activation in the ALS group in the NP effect might support a model of stimulus processing in the ALS group where lower levels of cognitive inhibitory processes are employed, despite an absence of an unequivocal between-group difference in behavioural measures of the NP effect. These findings extend the neuroimaging correlates of cognitive impairment in patients with ALS [58] and suggest, as in other studies [8] , that functional imaging may detect evidence of altered cerebral processing in ALS in the absence of marked apparent cognitive dysfunction.
